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cell in Synechococcus PCC 7942 17 ). Therefore, eliminating a gene from all copies of the chromosome may take several rounds of segregation.
A cyanobacterial strain that can grow rapidly and is amenable to facile, targeted genetic manipulation would expedite the process of standardizing and characterizing biological parts of cyanobacterial systems. We therefore sought to identify and characterize such a strain in order to build a superior cyanobacterial chassis for synthetic biology and metabolic engineering applications. In this communication, we describe the identification of a unicellular cyanobacterium Synechococcus elongatus UTEX 2973 (hereafter Synechococcus UTEX 2973), a relative of Synechococcus elongatus PCC 6301 and PCC 7942, that displays a substantially faster growth rate than any other commonly used cyanobacterium. We determined the genome sequence of Synechococcus UTEX 2973 and analyzed its global proteome. Furthermore, we determined that targeted genetic modifications can be rapidly engineered in this organism. Our data demonstrate the excellent potential of Synechococcus UTEX 2973 as a cyanobacterial chassis for broad biotechnological applications.
Results
Rapid growth of Synechococcus elongatus UTEX 2973. In 1955, Kratz and Myers 18 described a fast growing cyanobacterial strain, Anacystis nidulans. This strain was subsequently deposited in the University of Texas algae culture collection as Synechococcus leopoliensis UTEX 625. However, during recent years, this strain lost its rapid growth property (see Methods section) and was also unable to grow at a temperature as high as 38uC, unlike the original strain described by Kratz and Myers 18 . We selected a single cyanobacterial colony from a mixed culture of Synechococcus UTEX 625 that was able to grow at 38uC, and deposited the resulting strain to the UTEX algae culture collection as Synechococcus elongatus UTEX 2973. Growth of Synechococcus UTEX 2973 was assessed under different conditions and the shortest doubling time was 1.9 hrs in BG11 medium 19 at 41uC under continuous 500 mmoles photons?m 22 ?s 21 white light with 3% CO 2 . This is a remarkably high growth rate under autotrophic condition, the highest rate reported to date for a cyanobacterial strain, and comparable to heterotrophic growth rates of the yeast S. cerevisiae. The doubling time of Synechococcus UTEX 2973 increased to 2.3 hrs at 38uC (Table 1) . However, this rate is still nearly twice as fast as that for Synechococcus PCC 7942 (,4.1 hrs) under similar conditions (Fig. 1A) . Growth rates of three other commonly used cyanobacterial strains, Synechocystis sp. PCC 6803, Synechococcus sp. PCC 7002 and Synechococcus PCC 6301, were also significantly slower than that of Synechococcus UTEX 2973 ( Fig. 1A and Table 1 ). A direct result of such a rapid growth property is that a dilute culture of Synechococcus UTEX 2973 accumulated substantial amounts of biomass within a 16 h time period. In contrast, a Synechococcus PCC 7942 culture was still dilute when both cultures were grown under their respective optimal conditions (Fig. 1B) . Similar results were obtained for biomass accumulation of these two strains.
The dry weight of Synechococcus UTEX 2973 increased from 0.13 6 0.01 mg/ml at the beginning of the experiments to 0.87 6 0.03 mg/ ml after 16 hours, while the dry weight of Synechococcus PCC 7942 changed from 0.12 6 0.02 mg/ml to 0.33 6 0.03 mg/ml during the same period of time. As shown in Fig. 1C , a high level of illumination as well as CO 2 are important factors to support rapid growth of Synechococcus UTEX 2973 (Fig. 1C) .
Genomic and Proteomic analysis of Synechococcus UTEX 2973. The original Anacystis nidulans strain 18 was also deposited to the Pasteur Culture Collection as Synechococcus sp. PCC 6301. Whole genome sequencing of Synechococcus UTEX 2973 indicated that this strain is similar to Synechococcus PCC 6301 in terms of the general features of their genomes (Table 2) . Unexpectedly, the genome sequence of Synechococcus UTEX 2973 exhibited remarkable similarity to that of the widely studied model cyanobacterium Synechococcus PCC 7942, an organism that has apparently been isolated from a distant geographical location. In fact, there were a total of 55 single nucleotide polymorphisms (SNPs) and insertiondeletions (indels) between the two genomes. Among these 55 differences, 39 were in chromosomes and 16 were in plasmids. Among the 39 differences in chromosomes, 28 were in protein coding regions, with 26 of these shown in Table 3, plus a large  deletion shown in Table S1 and a 188.6 kb inversion shown in Fig 2 and Table S2 . Among the 16 differences in plasmids, 7 were in protein coding regions (Table 4) . We examined these differences and identified the affected genes, some of which are important components of known biochemical processes (Tables 3 and 4) . For instance, the gene encoding the ATP synthase F 1 subunit a in Synechococcus UTEX 2973 contains an SNP compared to the corresponding gene in Synechococcus PCC 7942. This SNP causes an amino acid substitution (Tyr in UTEX 2973 changed to Cys in PCC 7942) at the 252th position in this protein (Table 3) . Importantly, detected peptides in our global proteomics study (see below) confirmed the Y to C replacement at that position in the two strains.
Surprisingly, the number of detected nucleotide differences between Synechococcus UTEX 2973 and PCC 7942 was orders of magnitude less than those between Synechococcus UTEX 2973 and Synechococcus PCC 6301 (,1600 SNPs and indels), the closest relative based upon strain history. Despite the fact that Synechococcus UTEX 2973 and PCC 7942 are 99.8% identical in their genome sequences, Synechococcus UTEX 2973 can grow more than twice as fast as Synechococcus PCC 7942. It is reasonable to hypothesize that one or more of the relatively small number of genes with the observed SNPs and indels determines how cells utilize available resources and thus controls the growth rate of these cyanobacterial cells. In order to further compare these two strains at their proteome level, global proteomics analysis was performed for both cyanobacterial strains. In-depth LC-MS/MS proteomic analysis of Synechococcus UTEX 2973 identified peptides belonging to 1754 unique proteins (66% coverage), 1180 of which could be categorized into different functional groups (Fig. S1 ). As described above, Synechococcus UTEX 2973 and PCC 7942 are 99.8% identical in their genome sequences, so that most detected peptide sequences are indistinguishable between these two strains. However, due to the overall deep coverage, our MS data detected many of the amino acid changes that are predicted as a consequence of the SNPs between the two strains (Table 3 and 4) .
A 5,764 bp sequence that contains six open reading frames in Synechococcus PCC 7942 was missing in Synechococcus UTEX 2973 (Fig. 2, Table S1 ). Although most of these genes do not have any annotated function, transcriptomics analysis (data not shown) indicated that these six genes are constitutively transcribed in Synechococcus PCC 7942, providing an intriguing avenue for further study. In addition, our proteomics study confirmed the presence of the protein products of five of these six genes in Synechococcus PCC 7942 (Table S1) .
A previous study had indicated that there is a 188.6 kb inversion between the Synechococcus PCC 6301 and Synechococcus PCC 7942 ; HC (high CO 2 , 3%); LC (low CO 2, 0.04%). Measurements were made every 10 min. Five replicate growth curves were generated for each strain under indicated conditions, except for Synechocystis PCC 6803, which had two replicates. The representative curves are shown in the figure. www.nature.com/scientificreports SCIENTIFIC REPORTS | 5 : 8132 | DOI: 10.1038/srep08132genomes 20 . We determined that Synechococcus UTEX 2973 has the same genome arrangement in this inversion region as Synechococcus PCC 6301 (Fig. 2 , Table S2 ). This inversion includes the coding region for a porin-like protein, and was proposed to be related to the natural competency (for DNA uptake) of these cyanobacterial cells 20 (see below).
Ultrastructural analysis of Synechococcus UTEX 2973. Cells of Synechococcus UTEX 2973 and Synechococcus PCC 7942 were examined by electron microscopy to identify structural differences between these strains at the subcellular level ( Fig. 3 ). Both strains are rod-shaped cells typically . 2 mm in length. The size of the cells was similar between the two strains and did not appear to vary between growth in air and growth in 3% CO 2 . Intracellular organization was also similar between the strains when grown in air, with 2-3 thylakoid membrane layers forming evenly spaced concentric rings that followed the shape of the cell envelope. Carboxysomes and polyphosphate bodies were located in the central cytoplasmic region, and the number of these bodies was similar in the two strains. When grown in 3% CO 2 , the most striking difference between the two strains was the appearance of numerous electrondense bodies in Synechococcus PCC 7942 (Fig. 3B ). These bodies were found throughout the entire cell, including between and surrounding the thylakoid membrane layers, and coincided with a disorganized appearance of the thylakoid membranes and a decrease in the number of thylakoid layers to 1-2 in most cells. These electrondense bodies were nearly completely absent in Synechococcus UTEX 2973 ( Fig. 3A ) when grown in 3% CO 2 . These bodies in , are naturally competent, actively taking up exogenous DNA from their surroundings and incorporating it into their genomes. However, this feature is not common among bacterial strains, so that other widely studied cyanobacteria, including some nitrogen fixing strains of Nostoc and Anabaena, are routinely genetically manipulated through conjugative transfer of DNA from E. coli cells 25 . Previous studies of conjugative DNA transfer to cyanobacterial cells have established a well developed system with several conjugal, helper and suicide or replicable cargo plasmids available for use 26 . We determined that Synechococcus UTEX 2973 cells were not naturally competent, like its close relative Synechococcus PCC 6301. However, conjugation through tri-parental mating 22 (also see Materials and Methods) was successfully applied to Synechococcus plated cell. In order to clearly show the occurrence of transgene introduction using a replicable cargo plasmid or homologous recombination using a suicide cargo plasmid, mutants were generated with distinct phenotypes. As a transgene, the gene encoding an enhanced yellow fluorescent protein (EYFP) gene was introduced into Synechococcus UTEX 2973 cells on the self replicating vector pTrc-EYFP with expression of the transgene controlled by the Trc promoter 15 . Mutant cells exhibited strong fluorescence from YFP (Fig. 4A) , so that the intensity of emitted fluorescence from EYFPexpressing mutant cells was about ,470 times higher than that from wild type (WT) cells.
To demonstrate targeted gene replacement in Synechococcus UTEX 2973, we inactivated the nblA gene. In other cyanobacteria, the nblA gene has been shown to function in pathways involved in regulation of light harvesting, and is particularly noted for its role in phycobilisome degradation under nutrient starvation conditions 27 . In Synechococcus PCC 7942, nblA transcripts accumulate to high levels when cells are starved for nitrogen or sulfur, and the resulting loss of phycobilisomes lends cultures a characteristic bleached color 28 . The DnblA mutant was engineered by homologous recombination of a suicide cargo plasmid with the nblA gene in the chromosome of Synechococcus UTEX 2973 (see Materials and Methods and Fig. S2 ). WT cells of Synechococcus UTEX 2973 turned yellow in BG11-S media within 7 days (Fig. 4B) . Cells of the Synechococcus UTEX 2973 DnblA mutant, in which the nblA gene was completely deleted, still appeared blue-green in BG11-S after 7 days (Fig. 4B) . Whole cell absorbance spectra (see Materials and Methods) showed that Synechococcus UTEX 2973 WT and DnblA mutant cells growing in regular BG11 medium had a similar ratio of phycobilin absorbance at 630 nm vs. chlorophyll a absorbance at 680 nm (,0.94) (Fig. 4C) . This ratio decreased considerably (to , 0.7-0.8) when Synechococcus UTEX 2973 WT cells were grown without combined sulfur. However, this ratio did not significantly change in Synechococcus UTEX 2973 DnblA mutant cells grown under the same nutrient starvation conditions (Fig. 4C) , confirming that the engineered DnblA mutant strain of Synechococcus UTEX 2973 had a similar phenotype as the DnblA mutant of Synechococcus PCC 7942 28 . Under nutrient replete condition, the DnblA mutant strain of Synechococcus UTEX 2973 showed similar growth rates compared to WT cells under constant light conditions, an observation similar to that of the Synechococcus PCC 7942 DnblA mutant strain 28 . Interestingly, the newly generated DnblA mutant strain exhibited slower growth compared to the WT Synechococcus UTEX 2973 strain when cells were grown under an illumination condition that mimicked a natural day-night cycle (see Methods section). This new finding indicates that the presence of the NblA protein provides a growth advantage to cyanobacterial cells under natural conditions. Discussion A rapidly growing cyanobacterial strain that can be genetically manipulated would serve as an ideal candidate for broad research purposes, including studies that focus on understanding cyanobacterial systems and those that utilize cyanobacteria to produce valuable products. As mentioned earlier, none of the currently used model cyanobacterial strains can grow under autotrophic conditions as fast as yeast or other microbes used in industrial applications. In order to fill this gap, we looked for ''new'' cyanobacterial strains, and Synechococcus UTEX 2973 stood out as strain that grew especially rapidly. For example, Synechococcus UTEX 2973 grew faster than Synechococcus PCC 6301, Synechococcus PCC 7942, Synechococcus PCC 7002 and Synechocystis PCC 6803 (Fig. 1A) . Surprisingly, Synechococcus PCC 6301 and Synechococcus UTEX 625 have been described as identical according to the Pasteur Culture Collection (PCC). However, our axenic cultures of Synechococcus UTEX 2973 behaved differently than cultures of Synechococcus PCC 6301. Whole genome sequencing confirmed that Synechococcus UTEX 2973 and Synechococcus PCC 6301 are definitely two uniquely different strains. Previously published data on the doubling time of Synechococcus PCC 6301 29 as well as our current growth data (Table 1) suggest that the growth of Synechococcus PCC 6301 is significantly slower than the Anacystis nidulans strain that was isolated in 1952 and studied in 1955 18 . In contrast, growth of Synechococcus UTEX 2973 (this study) is similar to that of the original Anacystis nidulans strain 18 . An interesting observation from genome alignments (Fig. 2) is that the Synechococcus UTEX 2973 genome is more similar to the Synechococcus PCC 7942 genome, even though these two strains were isolated from different geographical locations. Raven and cow- orkers have recently postulated 30 that the doubling times of photosynthetic organisms are directly correlated with their genome sizes. Our findings challenge this hypothesis, since the genome sizes of Synechococcus UTEX 2973 and Synechococcus PCC 7942 are nearly identical (Table 2) , whereas their doubling times are significantly different. The large deletion region in the Synechococcus UTEX 2973 genome compared to the genomes of Synechococcus PCC 7942 and Synechococcus PCC 6301 presents an intriguing avenue for further study. Six genes present in this region are constitutively transcribed in Synechococcus PCC 7942. Most notably, genes that contained SNPs, indels and that are within the missing region in Synechococcus UTEX 2973 could be determinants of the growth rates of the cells.
In this study, we have generated global proteomics data for both Synechococcus UTEX 2973 and PCC 7942. These data support the genome sequencing data by showing corresponding amino acid differences between the two strains that were predicted by nucleotide sequence comparison (Table 3) . Moreover, Synechococcus PCC 7942 is a widely used model cyanobacterial strain; however, its global proteome has not been analyzed thus far. Previous proteomic analysis based on 2D-PAGE identified a small fraction (,2%) of the total predicted proteome of Synechococcus PCC 7942 31 . Our global proteomic data with a coverage of 68% would be a valuable resource for the research community.
We have reported the occurrence of many electron-dense bodies in Synechococcus PCC 7942 under 3% CO 2 conditions, and the absence of these bodies under the same conditions in Synechococcus UTEX 2973. Although the exact nature of these bodies is uncertain, their shape, size and number are similar to the glycogen granules that have previously been identified in Synechococcus PCC 7942 32 . However, in the previous study, glycogen granules were only visualized as electron-dense particles after treatment with a polysaccharide stain, whereas under our conditions these granules appear electron dense with standard treatment. If these are glycogen stores, the lack of these bodies in Synechococcus UTEX 2973 under high CO 2 conditions might suggest fundamental differences in carbon utilization in these two strains. We hypothesize that Synechococcus UTEX 2973 may channel fixed carbon into biomass for rapid growth, while Synechococcus PCC 7942 stores carbon as glycogen.
Culture conditions that are optimal for the rapid growth of Synechococcus UTEX 2973 (38-41uC, 3% CO 2 and 500 mmole photons?m 22 ?s 21 using BG11 media) are utilized in many laboratories, and no special nutrients, such as vitamins, are required for the growth of this cyanobacterial strain. This strain grows so rapidly, in culture volumes ranging from 50 ml to 100 L, such as in a photobioreactor, that contamination was not apparent even when growth media were not sterilized and the systems were semi-open to the outside. On solid BG11 plates, at 38uC and under 200 mmoles photons?m 22 ?s 21 light and in ambient air, single colonies of Synechococcus UTEX 2973 were visible within 2 days after plating from a very dilute liquid culture, and these colonies were large enough for passage by the third day. Such reduced colony formation time is immensely beneficial for genetic manipulation studies. Furthermore, in the nblA deletion experiment, transformed cells from a single colony were completely segregated in the first round after patching. The same result was observed in a subsequent experiment, where a foreign gene was inserted into the chromosome of Synechococcus UTEX 2973. Therefore, the elapsed time from conjugation to segregated mutant was approximately 8 days for this strain. In our experience, the same process in Synechocystis 6803 (,8 days or more for colonies of mutants to show 16 , plus several rounds of segregation) usually takes nearly one month. Expression of EYFP and inactivation of the nblA gene were two of many genetic manipulations (data not shown) that we have performed with Synechococcus UTEX 2973. In addition, we have determined that antibiotic resistance genes, including those conferring kanamycin resistance (Tn903), chloramphenicol resistance (cat), gentamicin resistance (accC1) and spectinomycin/streptomycin resistance (omega cassette), that have been used in other model cyanobacteria, also function in Synechococcus UTEX 2973.
According to our observations, Synechococcus UTEX 2973, like Synechococcus PCC 6301, is not naturally competent for transformation. This is unlike the naturally competent Synechococcus PCC 7942. Porin-like sequences near the edges of the large genomic inversion region (Fig. 2) have been hypothesized to be responsible for such natural transformability 20 . Synechococcus UTEX 2973 has the same genome structure as Synechococcus PCC 6301 on that inversion. According to this hypothesis, it would be possible to make Synechococcus UTEX 2973 naturally competent by flipping the inverted region on the genome. However, that is not necessary since conjugation requires limited extra time, and in some instances, conjugation may be the preferred route of DNA transfer, particularly when a large segment of foreign DNA is to be transferred or if merodiploids (single recombination events) are desired 26 . With attributes including rapid growth, amenability to genetic manipulation, and fast segregation, Synechococcus UTEX 2973 is expected to serve as an ideal cyanobacterial system for a wide range of applications.
Methods
Cyanobacterial strains and growth conditions. The Pakrasi lab procured the Synechococcus elongatus UTEX 625 strain from the UTEX algae culture collection (www.utex.org). Synechococcus 625 was not axenic when it was frozen and stored at 280uC in 2008. In addition, it could not grow at 38uC (see Results section). The frozen sample of Synechococcus UTEX 625 was thawed in 2011 and a single colony from the recovered culture, grown at 38uC, was picked and propagated. Cultures from this single colony were unialgal and no bacterial contamination was found when tested on LB medium. In addition, this strain could grow fast under photoautotrophic condition (see Results section). This clean strain was deposited to the UTEX algae culture collection, and a new number, UTEX 2973, was assigned to it. Synechococcus elongatus PCC 6301 and PCC 7942 were procured from the Pasteur Culture Collection of Cyanobacteria (PCC). Except when otherwise indicated, these strains were maintained in liquid BG11 or on solid BG11 plates 19 at 38uC under continuous white light (70 mmole photons?m
22
?s 21 ). Synechococcus sp. PCC 7002 was obtained from Prof. Toivo Kallas (University of Wisconsin, Oshkosh) and was grown at 38uC. Synechocystis sp. PCC 6803 was from the Pakrasi lab and was grown at 30uC. Growth under continuous light was measured as OD 730nm on a Multi-cultivator MC 1000-OD (Photon Systems Instruments, Drasov, Czech Republic), and growth under sine wave illumination, modulated to simulate natural sunlight, was measured on an FMT-150 photobioreactor as OD 735 33 (Photon Systems Instruments, Drasov, Czech Republic). CO 2 gas flow rate at 1 ml/min and 3% (v/v) to every ml of culture was precisely controlled by a custom mixing system (Qubit Systems Inc, Kingston, Ontario). For doubling time measurements, five sets of measurements were made for each strain. Points were plotted as semi-log graphs and the specific growth rate K' during the early exponential phase for each measurement was determined. The doubling time was then calculated as Ln2/K'. For sine wave illumination growth experiments, the mean value of OD 735 at each time point was plotted. Blue and red light intensities were both set to change from 0 mmole photons?m wustl.edu/research-facil.php) were used. Biomass of cyanobacterial cultures was determined using a method slightly modified from that described previously 34 .
Whole genome sequencing. Illumina genome sequencing was performed at the Genome Technology Access Center (GTAC) at Washington University. Genomic DNA was isolated and sonicated to an average size of 175 bp. The DNA fragments were repaired to produce blunt ends, modified with a 3' 'A' base overhang, and ligated to Illumina's standard sequencing adapters. The ligated fragments were amplified for 10 cycles incorporating a unique indexing sequence tag. The resulting libraries were sequenced as 101 nucleotide paired end reads using the Illumina HiSeq-2000. Sequence reads were mapped to Synechococcus PCC 6301 and Synechococcus PCC 7942 genome data obtained from GenBank (NC_006576 and NC_007604, respectively) using Novoalign. SAMtools was used to identify SNPs between the two strains. Dindel was used to identify indels. Pindel and custom analyses were used to identify structural rearrangements. 454 genome sequencing was also performed in parallel (MOgene LC, St. Louis, MO) and the genome was assembled de novo using Newbler 2.8. Assembled chromosome and two plasmid sequences of Synechococcus UTEX 2973 were deposited to Genbank (Accession number: CP006471 to CP006473). Sample preparation for Proteomics and LC-MS/MS analysis. Cell suspensions of both Synechococcus UTEX 2973 and Synechococcus PCC 7942 were disrupted and digested into tryptic peptide form as previously described 35, 36 . The resulting isolated peptide samples were separated via a high pH HPLC approach (Agilent 1200 HPLC System) as previously described 37 , resulting in the automated collection of 96 fractions, which were lyophilized and reconstituted into 24 fractions prior to LC-MS/ MS analysis. Fractionated samples were subjected to LC-MS/MS analysis using a Thermo Scientific LTQ mass spectrometer (Thermo Scientific, San Jose, CA, USA) coupled with an in-house electrospray ionization interface as previously described [38] [39] [40] . LC-MS/MS raw data were converted into data files using Bioworks Cluster 3.2 (Thermo Fisher Scientific, Cambridge, MA, USA), and the MSGF1 algorithm was used to search MS/MS spectra against Synechococcus UTEX 2973 and Synechococcus PCC 7942 databases (NCBI). Key search parameters included 20 ppm tolerance for precursor ion masses, partial tryptic search, with decoy database searching methodology 41 used to control the false discovery rate at the unique peptide level to ,0.1%
42
. Global proteomics data for both Synechococcus UTEX 2973 and Synechococcus PCC 7942 have been uploaded to PeptideAtlas with the dataset identifier number of PASS00399.
Electron microscopy. Cells were prepared for electron microscopy as described previously 43 . Culture aliquots (approximately 20 ml) were centrifuged, and the pellet was resuspended in a small volume, transferred to planchettes with 100-200 mmdeep wells, and frozen in a Baltec High Pressure Freezer (Bal-Tec). Samples were freeze-substituted in 2% osmium/acetone (3 d at 280uC, 15 h at 260uC, slow thaw to room temperature) and embedded in Spurr's resin. Thin sections (approximately 80 nm) were stained with uranyl acetate and lead citrate. Digital images were viewed and collected using a LEO 912 transmission electron microscope operating at 120 kV and a ProScan digital camera.
Genetic modification of Synechococcus UTEX 2973. Tri-parental conjugation was used to generate mutants of Synechococcus UTEX 2973 22 , with pRL443 as the conjugal plasmid and pRL623 as the helper plasmid 44 . Shuttle or suicide vectors carrying the gene of interest were first transformed into competent HB101 E. coli cells that already contained the pRL623 helper plasmid to form cargo strains. 100 ml overnight cultures of the conjugal strain (RL443) and 100 ml overnight cultures of the cargo strain were washed with distilled water and mixed with pre-washed Synechococcus ). Mutant colonies were usually apparent within 3-4 days. The shuttle vector pTrc-EYFP for eYFP expression is a derivative of pPMQAK1-BBa_P1010 15 . The suicide plasmid pSL2231 used to delete the nblA gene in Synechococcus UTEX 2973 was a derivative of pBR322. The coding region of the nblA gene was targeted for deletion from the chromosome after homologous recombination. 581 bp upstream and 558 bp downstream of nblA coding region were amplified using primers N1: ATATAAGCTTGATGCGCAG-ATAGCCTGACTGTTCC/N2: CCAGGATTGGGAGGCTCCGGCACT-GCAGATGAAC; and P1: TCGACTCTACCGTGTGCAAGACTTGCCCGCGAAG/ P2: ATATGGATCCATGCTGCTGGAGTTCTACGCCGAC, respectively. The upstream and downstream sequences were fused with a chloramphenicol resistance gene (Cm R , cat, amplified using primers O1: AGCCTCCCAATCCTGGTGTCC-CTGTTGATACC/O2: CACACGGTAGAGTCGACGAATTTCTGCCATTCAT-CC) by fusion PCR to form an upstream-Cm R -downstream fragment. This fragment was inserted into the pBR322 vector between HindIII and BamHI sites to form the plasmid pSL2231 ( Figure S2 ).
Fluorescence microscopy. Concentrated cells of WT and EYFP mutant strains from 2-day old cultures were deposited onto glass slides that were previously coated with 2% polyethyleneimine. Cells were imaged using a Nikon Eclipse 80i microscope equipped with a Photometrics Cool Snap ES CCD camera (Roper Scientific). Illumination was provided by a metal halide light source (X-Cite). Filter sets (Chroma) were as follows: YFP was detected using a 480/30 nm excitation filter, a 505 nm dichroic beam splitter, and a 535/40 nm emission filter. Chlorophyll fluorescence was detected using a 560/40 nm excitation filter, a 595 nm dichroic beam splitter, and a 630/60 nm emission filter. A 300 ms exposure time was used for imaging.
Whole cell absorbance spectra. These spectra were obtained using a mQuant plate reader (Bio-Tek Instruments, Winooski, VT). 150 ml culture volumes in 96-well plates were measured from 400 nm to 800 nm. Absorption curves were vertically offset (indicated by ''relative OD'') for comparison purposes.
